Aerogels are extremely porous materials with large pore volumes and low bulk densities. Their unique structure imparts extraordinary properties and wide applications[@b1][@b2][@b3][@b4][@b5][@b6][@b7][@b8]. Despite the considerable need for aerogels, at present there are only limited types of materials that can be made into an "aerogel" structure. These include metal oxide aerogels (such as SiO~2~, Al~2~O~3~)[@b9][@b10], carbon material aerogels (such as carbon, carbon nanotubes, graphene)[@b11][@b12][@b13][@b14], semiconducting chalcogenide aerogels (such as CdS, CdSe, PbTe)[@b15][@b16], and more recently polysaccharide[@b17] or protein-based aerogels[@b18]. Most aerogels are formed by extracting the liquid of a gel via critical point drying (CPD) in order that the gel network remains intact. The gel networks are assembled through a sol-gel process, where nanoparticle suspensions are formed and then the nanoparticles are crosslinked into 3D network branches by a suitable gelling agent precursor ([Fig. S1a](#s1){ref-type="supplementary-material"}). Because of these specific cross-linking reactions, the material types of aerogels have been very limited. Therefore, there are a large number of interesting possibilities in creating a wide range of aerogels if gels can be assembled by the crosslinkng of the material itself without gel precursors.

We have recently come up with a new methodology to make gels, which will enable the synthesis of aerogel materials over a much wider range. This idea is inspired by the observation of gel formation. Gels consist of a solid 3D network that spans the volume of a liquid medium, and due to the surface tension by the solid structure, the liquid does not flow. If long chain molecules, or colloidal particles of 1D (i.e., nanowires or nanotubes) are dispersed in a liquid (e.g., water), when their concentrations in the water reaches a certain level, the chances for them to interlink with each other will be high, thus the flow of water is stopped and a gel forms. As a result, these 1D objects become the branches in the 3D network themselves ([Fig. S1b](#s1){ref-type="supplementary-material"}). If the colloidal particles are 2D nanosheets, compared to a spherical particle of the same volume, these 2D nanosheets contribute a lot more to viscosity in their stretched state and the interlinking network from these 2D nanosheets will also form a gel ([Fig. S1c](#s1){ref-type="supplementary-material"}). Therefore, in principle, a gel can be facilely made from almost any material by starting with the colloid suspensions of 1D nanowires/nanotubes or 2D nanosheets of various kinds of materials. And once a gel is formed, it is straightforward to develop an aerogel material by extracting the liquid via CPD.

Results
=======

Formations of 1D nanowires, nanotubes, and 2D nanosheets aerogels
-----------------------------------------------------------------

This methodology for various material aerogels production constitutes three steps: (i) the preparation of a well-dispersed, individual nanotube/nanowire/nanosheet suspension; (ii) gel formation from dilute suspensions through a controlled concentration increase, and (iii) the supercritical drying of the gel to form an aerogel. [Figure 1a](#f1){ref-type="fig"} is a schematic representation of the aerogel production. Here nanowires are shown as an example. A suspension of nanowires is initially uniformly dispersed with/without surfactant in ethanol using ultra-sonication at a low concentration, and then the dilute suspension transforms into a more concentrated state to form a gel network by evaporation of the solvent at low temperature (313 K) with a large volume compression. At higher concentration the suspension becomes a gel consisting of a 3D network of nanowires. The resultant gel is then set into various shapes using molds and the molded gel is transferred into water. The water is maintained at 353 K and changed several times to remove the surfactants. After that, the gels are supercritically dried into aerogels to retain the original gel volume (see [Supplementary Information](#s1){ref-type="supplementary-material"} for a more detailed method). There are two key elements in this method: first is the homogeneous dispersion at dilute concentration, which prevents nanowire/nanotube/nanosheet bundling or agglomeration; second is the slow evaporation process of the solvent, which helps to reduce the volume of the nanowire/nanotube/nanosheet suspension to produce a concentrated suspension without nanowire/nanotube/nanosheet aggregation.

In this work, as shown in [Fig. 1b and c](#f1){ref-type="fig"}, Ag, Si, MnO~2~, SWNT, MoS~2~, graphene, and h-BN were selected because of a variety of potential applications. The Ag nanowire aerogel is a great candidate for a scaffold for tissue engineering, and Si nanowires can be used as thermoelectric materials. MnO~2~ nanowire, SWNT, and graphene aerogels have a huge potential for supercapacitors and batteries. In addition, MoS~2~ and h-BN aerogels can be useful for catalysts and H~2~ storage, respectively. The second photograph in [Fig. 1b](#f1){ref-type="fig"} shows the vials containing the suspensions which are turned up-side down, confirming the gel formation from the more concentrated suspension of nanowires/nanotubes. The shape of the gels could be readily manipulated by different molds so that aerogels have various desired shapes. [Figure 1c](#f1){ref-type="fig"} shows photographs of the gels and aerogels and the formation processes of gels with 2D materials, and those illustrated here are MoS~2~, graphene, and h-BN gel/aerogels.

Gel formation concentration
---------------------------

Based on the Doi and Edwards theory which describes the phase behavior of a suspension of rod-like molecules[@b19], the range of gel formation concentrations can be predicted in this work. Here the term "nanowire" is used to represent both nanowires and nanotubes. The dynamic behavior of nanowires in a suspension depends on the concentration and the aspect ratio of the nanowires. Thus, based on the degree of particle interaction and the excluded volume of a nanowire, the nanowire in a suspension can be classified into four concentration regimes as: dilute solution, semi-dilute solution, isotropic concentrated solution, and liquid crystalline ([Fig. S2](#s1){ref-type="supplementary-material"}). Following this theory, we consider a suspension of *n* nanowires per unit volume, each nanowire with a length *L* and a diameter *d* and a corresponding aspect ratio *a~r~ = L/d*. The nanowire concentration described through the volume fraction *ϕ* is defined[@b20] asAs the concentration of the nanowire suspension increases, the rotational motion of each nanowire is inhibited by other nanowires and some physical contact interaction between nanowires is present[@b21]. At a still higher concentration, the nanowire suspension forms a 3D continuous nanowires network due to physical bond formation at the contact point between the nanowires by van der Waals forces. The gel formation occurs at the transition from the semi-dilute to isotropic concentrated regime[@b22][@b23][@b24]. The gel formation concentration is *ϕ = a~r~^−1^* when *n = 1/(dL^2^)*. Thus we define this concentration to be the theoretical gel formation concentration *ϕ~gel~*, and *ϕ~gel~ = a~r~^−1^*.

Our experimental observation is consistent with this theoretical gel formation concentration (*ϕ~gel~*) based upon the Doi and Edwards theory. The average aspect ratio values of Ag, Si, and MnO~2~ nanowires were obtained as 121, 127, and 442, respectively, from their average diameter and length (see [Table 1](#t1){ref-type="table"} and [Fig. S3](#s1){ref-type="supplementary-material"}). Thus the theoretical gel formation concentration *ϕ~gel~* of Ag, Si, and MnO~2~ nanowires should be 0.0083, 0.0079, and 0.0023, respectively, and the average experimental gel transition concentrations (*ϕ′~gel~*) of Ag, Si, and MnO~2~ nanowires were found to be 0.0071, 0.007, and 0.0018, respectively. As a result, we could confirm that the *ϕ′~gel~* values are very close to the *ϕ~gel~* value and indeed the gels are formed near the *ϕ~gel~*.

In the case of 2D materials, the dilute suspensions were concentrated and transformed into the gels of 2D sheets at 3.2, 1, and 2.1 wt% for MoS~2~, graphene, and h-BN nanosheets, respectively. The relation between the sheet aspect ratio and the gel formation concentration shall be further considered in future work.

Structures of the aerogels
--------------------------

The SEM images of Ag, MnO~2~, Si, and SWNT aerogels in [Fig. 2a, b](#f2){ref-type="fig"}, and [Fig. S4a, b](#s1){ref-type="supplementary-material"} displays 3D networks with ultrafine 1D nanowire/nanotube structures. The 2D material aerogels show a porous 3D network of randomly oriented sheet-like structures ([Fig. 2c](#f2){ref-type="fig"} and [Fig. S5](#s1){ref-type="supplementary-material"}). These images indicate highly porous nanowire/nanotube/nanosheet networks with pore sizes in the range of a few hundred nanometers to a few micrometers. The key factors of the formation of an unbundled or non-aggregated nanowire/nanotube/nanosheet network are the homogeneous dispersion of the dilute suspensions and the slow evaporation of the solvent. In the case of nanowires with small diameters, they were dispersed at low concentrations with surfactants to prevent the strong van der Waals attraction between small diameter nanowires. The uniformly dispersed dilute suspension was then slowly compressed up to the gel formation concentration by evaporating the solvent at low temperature to avoid nanowire aggregation. On the other hand, nanowire gels formed from non-uniformly dispersed suspensions without surfactant or directly from a concentrated suspension produce bundled nanowire networks (compare [Fig. S6a with S6b](#s1){ref-type="supplementary-material"}).

Discussion
==========

The porosities of Ag, Si, MnO~2~, SWNT, and graphene aerogels were confirmed by N~2~ adsorption-desorption analysis. [Figure 3a and 3b](#f3){ref-type="fig"} show the N~2~ adsorption-desorption isotherm and pore size distribution of MnO~2~ nanowire aerogel as an example. All the aerogels showed a type IV isotherm with H3-type hysteresis loop, which indicate that mesopores have cylindrical pore geometries ([Fig. 3a](#f3){ref-type="fig"} and [Fig. S7](#s1){ref-type="supplementary-material"})[@b25]. Their surface areas were calculated with the Brunauer-Ennett-Teller (BET) method ([Table 2](#t2){ref-type="table"}). The ultra-fine porous nanowire networks result in high surface areas. The MnO~2~ nanowire aerogel has a surface area of 82.2 m^2^g^−1^ ([Fig. 3a](#f3){ref-type="fig"}, which is 2 times larger than the surface area of MnO~2~ nanowire membrane with the same starting MnO~2~ nanowire material[@b26]. The surface area value of 1011 m^2^g^−1^ for a SWNT aerogel is 5.5 times higher than the best reported SWNT-based aerogels[@b27] and also close to the theoretically calculated specific surface area (1315 m^2^g^−1^ for SWNTs[@b28]). The aerogels have also low densities, as shown in [Table 2](#t2){ref-type="table"}. The Ag nanowire aerogel density is 88 mg/cm^3^, relatively high due to the large diameter (average diameter is 113 nm), but a SWNT aerogel has the lowest density of 2.7 mg/cm^3^, compared with those of previously reported the SWNT or multi-walled nanotube (MWNT) aerogels[@b27][@b29][@b30] and only two times higher than an air density of 1.2 mg/cm^3^.

As can be seen from the SEM images of the aerogels produced in this work, the branches of the 3D networks consist of highly crystalline nanowires or nanosheet material. In contrast, aerogels produced by conventional methods typically have interlinking nanocrystallites (as illustrated by [Fig. S1a vs. Fig. S1b, c](#s1){ref-type="supplementary-material"}). As a result, it can be anticipated that the aerogels produced by this work should have good electrical conductivities, as the electrical conduction in the conventional aerogels normally occur via electron hopping between the nanocrystallites ([Fig. S1a](#s1){ref-type="supplementary-material"}), whereas in the aerogels developed by this work the nanowires or nanosheets directly provide the path for electrical conduction. Indeed, the electrical conductivity of an Ag nanowire aerogel is 3 × 10^6^ S/m for an aerogel density of 88 mg/cm^3^ (which is the gel formation concentration) ([Table 2](#t2){ref-type="table"}). This value is comparable to the conductivity of thick (600 nm) Ag nanowires films[@b31], and on the same order of magnitude as bulk silver (9.4 × 10^6^ S/m)[@b32]. For other aerogels, we obtained 91 S/m for SWNT and 273 S/m for graphene aerogels at densities corresponding to their gel formation concentrations (2.7 mg/cm^3^ and 13 mg/cm^3^, respectively). When aerogels are made at higher densities, even a higher electrical conductivity can be achieved. For example, 302 S/m was obtained for a SWNT aerogel at 20 mg/cm^3^, while a graphene aerogel with 24 mg/cm^3^ shows a conductivity of 390 S/m. These values are 3 \~ 5 times higher than values previously reported[@b13][@b27]. Similarly, it is anticipated that these aerogels should have different mechanical properties compared to the conventional aerogels. The conventional aerogels (as shown in [Fig. S1a](#s1){ref-type="supplementary-material"}) have low tensile strength and elastic modulus (i.e. they are brittle and will readily fragment when bent) because in these aerogels, the branches of the 3D network are formed by many nanocrystallites interlinked together, which tends to break with applied forces[@b14]. In contrast, the nanotubes/nanowires in the aerogels in this work can easily accommodate elastic bending, thus these aerogels should be very elastic. Indeed super-elastic behavior has been observed for MnO~2~ nanowire aerogels, and further mechanical characterization is currently underway.

It should be noted that the properties of the aerogel materials developed in this work will rely on the starting nanowires/nanotubes/nanosheets materials. If the starting nanowires have long lengths and small diameters, an aerogel with a high surface area, low density, high electrical conductivity, and high tensile strength can be anticipated.

In conclusion, the strategy developed in this work to form gels can be applied to many materials by starting with the colloid suspension of either 1D nanowires/nanotubes or 2D nanosheets. Once a gel is formed, it is straightforward to develop an aerogel material by extracting the liquid via supercritical drying. This method provides a straightforward yet powerful and potentially general route for the creation of a wide variety of aerogels. In principle, aerogels from any type of materials can be enabled by this method. Combining their individual material properties (e.g., high electrical conductivity from a metal, or optical properties like photoluminescence of a semiconductor) with the advantages imparted by the structure (such as high surface area and low densities), it can be anticipated that not only much wider opportunities will be opened up for the typical applications of aerogels (such as catalysis, sensing, thermoelectrics, scaffolds for tissue engineering, supercapacitors, batteries and solar cells) but potentially novel applications as well.

Methods
=======

Materials
---------

Ag and Si nanowires were purchased from Blue Nano (SLV-NW-90) and Aldrich (product number: 731498), respectively. MnO~2~ nanowires were synthesized by hydrothermal method. The starting materials were composed of 19.1 mmol of potassium sulphate (K~2~SO~4~), potassium persulphate (K~2~S~2~O~8~) and manganese sulphate monohydrate (MnSO~4~·H~2~O) in a ratio of 1:2:1 in 80 ml deionized (DI) water[@b26]. The suspension was transferred to a Teflon vessel and the sealed vessel was heated at in an oven at 523 K for 4 days[@b26]. The synthesized MnO~2~ nanowires were suspended in 800 ml of DI water. The suspension was filtered and washed several times until all soluble impurities were removed from the solid and then the nanowires were dried in a vacuum oven at 353 K for 24 hr.

Purified HIPCO Single-Wall Carbon Nanotubes (SWNTs) were obtained from Unidym, Inc and MoS~2~, graphite, and h-BN powders were obtained from Aldrich (CAS number: 1317-33-5), Alfa Asear (product number: 43319), Aldrich (CAS number: 10043-11-5), respectively. Linear sodium dodecylbenzene sulfonate (SDBS) and planar sodium cholate (SC) were used as surfactant for dispersion of 1D and 2D materials, respectively.

Formations of 1D nanowires, nanotubes, and 2D nanosheets gels
-------------------------------------------------------------

Firstly, Ag and Si nanowires were each dispersed via ultra-sonication (Branson 2510 sonicator) in ethanol without, and with SDBS for 10 \~ 60 min, respectively. The MnO~2~ nanowires were sonicated in ethanol with SDBS for 2 h. The concentrations of Ag, Si, and MnO~2~ nanowires were 10, 3, and 2 mg·mL^−1^, respectively. The surfactant/nanowires weight ratios were all 5:1.

In the case of SWNT gels, the suspension of 0.1 wt% SWNTs was dispersed in DI water with SDBS at a SWNT: SDBS ratio of 1:5 for 5 \~ 15 h by Branson 2510 sonicator. The MoS~2~, graphite, and h-BN powders were sonicated in 2 wt% SC solution for 4 \~ 15 h. The concentrations of MoS~2~, graphite, and h-BN powders were 66, 85, and 66 mg·mL^−1^, respectively[@b33][@b34]. The SWNT suspension was centrifuged (Eppendorf centrifuge 5804 R) to separate bundles from the individual nanotubes at 11 k rpm for 1 \~ 2 h. The exfoliated MoS~2~, graphene, and h-BN sheets were centrifuged at 1500 rpm for 1 h to remove the non-exfoliated powders. The supernatant in each case was collected after centrifugation and measured with a Cary 6000i UV-Vis-NIR spectrophotometer. The concentration of the MoS~2~, graphene, SWNT, and h-BN suspensions were calculated using an absorption coefficient (α) of 1517, 2460, and 2600 absorbance mL·mg^−1^ m^−1^ at a wavelength of 672, 660, and 930 nm, respectively[@b33][@b34][@b35].

The dilute suspensions of Ag, Si, MnO~2~, SWNT, MoS~2~, graphene, and h-BN were evaporated at 313 K to transform them into more concentrated suspensions (gels) with a large volume compression. The resultant gels were set into a cylinder or rectangular shaped molds for several hours and the molded gels were transferred to DI water. The solutions were heated up 353 K to remove surfactant and changed at least 4 to 5 times over several days. This step removed surfactant, as shown in the SEM images ([Fig. 2](#f2){ref-type="fig"}, [Fig. S4, and Fig. S5](#s1){ref-type="supplementary-material"}).

The Ag, Si, MnO~2~, SWNT, MoS~2~, graphene, and h-BN gels were placed into anhydrous ethanol overnight for solvent exchange and then dried at 1,200 psi and 308 K by using a critical point drier (CPD, 13200J-AB, SPI supplies) into the Ag, Si, MnO~2~, SWNT, MoS~2~, graphene, and h-BN aerogels keeping the gel network intact ([Fig. 2](#f2){ref-type="fig"}, [Fig. S4, and Fig. S5](#s1){ref-type="supplementary-material"}).

Characterization
----------------

Atomic force microscope (AFM) measurements were carried out to characterize the diameter distribution of nanowires with a Dimension 3100, Veeco system. Scanning electron microscopy (JEOL 6700F) was used to find the length distribution of nanowires and the porosities of the aerogel networks. Nitrogen adsorption and desorption isotherms for the porosities of the aerogels were measured at 77 K on a Micromeritics ASAP 2020 system. Before measurement, the samples were degassed at 423 K under vacuum (\<10^−4^ mbar) for several hours. Surface areas of the aerogels were calculated from the Brunauer-Ennett-Teller (BET) method multimolecular layer adsorption model. The electrical conductivities of the Ag nanowire, SWNT, and graphene aerogels at room temperature were measured using a four-probe station for porous materials[@b36]. The resulting errors in the electrical conductivity measurement are estimated to be less than 5%.
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![The gel/aerogel production process (illustration (a) and actual process (b, c)).\
a, Schematic representation of nanowire/nanotube aerogel production via method developed in this work. b, Photographs of dilute suspensions, gels, and surfactant-removed gels of Ag, Si, and MnO~2~ nanowires, and aerogels of Ag, MnO~2~ and SWNT. c, Photographs of dilute suspensions, gels, surfactant-removed gels, and aerogels of MoS~2~, graphene, and h-BN nanosheet.](srep00849-f1){#f1}

![The 3D network structures of Ag nanowire, MnO~2~ nanowire, and graphene aerogels.\
Low magnification SEM images of Ag nanowires (a), MnO~2~ nanowires (b), and graphene nanosheets (c) networks. The insets show a higher magnification of the aerogels. a and b consist of highly porous and ultrafine nanowires networks with pore sizes in the range of a few hundred nanometers to a few micrometers. c shows a porous 3D network of randomly oriented sheet-like structures.](srep00849-f2){#f2}

![Porosity of MnO~2~ nanowire aerogel by N~2~ adsorption-desorption analysis.\
a, N~2~ adsorption/desorption isotherm at 77 K (solid circle, adsorption data; open circle, desorption data). b, Pore size distribution as determined by the Barrett-Joynes-Halenda (BJH) method, shows the presence of a range of pores extending from the meso to the macro regime, with a peak pore diameter of 43 nm.](srep00849-f3){#f3}

###### The theoretical (*ϕ~gel~*) and experimental gel formation concentration (*ϕ′~gel~*) of nanowires

  NWs       *d~m~ (nm)*   *L~m~ (μm)*   *a~r~*   *ϕ~gel~*   *ϕ ′~gel~*
  -------- ------------- ------------- -------- ---------- ------------
  Ag            113          13.7        121      0.0083      0.0071
  Si            41            5.2        127      0.0079      0.007
  MnO~2~        19            8.4        442      0.0023      0.0018

Average diameter (*d~m~*), average length (*L~m~*), average aspect ratio (*a~r~*), theoretical gel formation concentration (*ϕ~gel~*), average experimental gel formation concentration (*ϕ′~gel~*) of Ag, Si, and MnO~2~ nanowires forming gels and aerogels. The diameter and length of nanowires were measured by atomic force microscope (AFM), scanning electron microscope (SEM), respectively.

###### BET surface areas, densities, and electrical conductivities for Ag, Si, MnO~2~, SWNT, and graphene aerogels made at gel formation concentration *ϕ′~gel~*

  Aerogel     Surface area (m^2^/g)   Density (mg/cm^3^)   Electrical conductivity (S/m)
  ---------- ----------------------- -------------------- -------------------------------
  Ag                   5.5                    88                     3 × 10^6^
  Si                  69.4                   24.6                       n/a
  MnO~2~              82.2                    12                        n/a
  SWNT                1011                   2.7                        91
  Graphene             605                    13                        273
